Investigation of High Q Factor GaN-based Microcavity Light-Emitting Devices by 胡晓龙
学校编码：10384                            分类号        密级           










博  士  学  位  论  文 
   
 
高 Q 值 GaN 基微腔发光器件研究 






专  业 名 称：微电子学与固体电子学 
论文提交日期：2013 年  月 
论文答辩时间：2013 年  月 
学位授予日期：2013 年  月 
  
 
答辩委员会主席：            
评    阅    人：            
 





















另外，该学位论文为（       ）课题（组）的研究成果，获得



































（     ）1.经厦门大学保密委员会审查核定的保密学位论文， 
于   年  月  日解密，解密后适用上述授权。 
（     ）2.不保密，适用上述授权。 
 
 
                             声明人（签名）： 









































Q 值越大，意味着损耗越小。实现高 Q 值微腔发光器件是实现 VCSELs 和 RCLEDs
器件的重要基础。本论文针对 GaN 基微腔发光器件制作的难点问题展开研究，以
获得高 Q值的氮化物微腔发光器件为目标，主要研究内容包括以下几个方面：  





型欧姆接触。工艺优化后制作出的 GaN 基微腔发光器件在电流密度为 100 A/cm2




的质量。微腔发光器件采用了两个高反射率（≧99%）的介质膜 DBR 和 240 nm 厚
的透明的 ITO 电流扩展层，器件的 Q值达到 991。 
3）提高 GaN 微腔发光器件 Q 值的关键工艺研究：通过对微腔发光器件内的
各种损耗的分析，提出切实可行的降低器件的内部损耗的工艺方案以提高器件的
Q值。首先，通过对 ITO 电流扩展层进行 ICP 刻蚀及抛光处理，获得一个厚度仅
为 30 nm，表面均方根（RMS）粗糙度为 1 nm 左右的 ITO 层，从而大大降低了 ITO
的吸收和散射损耗，并在 ITO 和上 DBR 之间通过插入一高折射率层使得 ITO 处于















GaN 基微腔发光器件的 Q值高达 1720。其次，为了进一步提高 Q值，在上述工艺
基础上，我们再采用化学机械抛光（CMP）技术对激光剥离后的 GaN 表面进行抛
光处理，使 GaN 表面的 RMS 粗糙度从 6 nm 降低到 0.6 nm，因而降低了 GaN 界面
的散射损耗，同时，在抛光的过程中还去除了在蓝宝石上 先生长的缺陷密度较
高的 GaN 缓冲层， 终，制作出的 GaN 基微腔发光器件的 Q值提高到 2170。 































GaN-based microcavity light-emitting devices such as vertical cavity 
surface-emitting lasers (VCSELs) and resonant cavity light-emitting diodes (RCLEDs) 
have attracted increasing attention due to their superior properties such as a narrower 
emission linewidth, circular beam shape, improved beam directionality and potential 
applications in solid-state lighting, optical storage, optical communication, 
high-resolution display and so on. The quality factor (Q-value) is determined by the 
cavity loss, which is mainly related to the reflectivity of DBRs, absorption from the 
absorbed layers and scatting from inhomogeneities and imperfections. Therefore, the 
high Q-value is associated with reduction of the cavity loss. High Q-value microcavity 
plays an important role in realization of VCSELs and RCLEDs. In this thesis, a series 
study on GaN-based microcavity was carried out aiming to get high-quality factor 
devices. The main contents were as follows： 
1）Investigations on n- and p-type ohmic contact in GaN-based microcavity 
light-emitting devices. In p-type GaN ohmic contact, indium tin oxide (ITO) was 
chosen as the current conductive layer. The evaporation conditions and epitaxial 
contact layer structure were optimized, a transparent conductive layer with both high 
transmittance of 98.4% and p-type ohmic contact was obtained. For n-type GaN 
ohmic contact, effective surface treatment method was proposed to dispose the 
damage caused by inductively coupled plasma (ICP) etching. After the optimization 
of the ohmic contact conditions, the voltage of GaN-based microcavity light-emitting 
devices at a current density of 100 A/cm2 was reduced to only 2.99 V. 
2) Fabrication and characterization of GaN-based microcavity light-emitting 
devices. Nitride-based DBR, which has large lattice mismatch and thermal mismatch, 
can dramatically decrease the quality of active layer. In order to avoid this problem, 
GaN-based microcavity light-emitting devices incorporating two dielectric DBRs 















high-reflectivity ≧( 99%) dielectric DBRs and transparent conductive ITO layer with 
240 nm, a quality factor value of 991 was reached. 
3)  Improvement of the quality factor of GaN-based microcavity light-emitting 
devices.  The mechanism of internal loss was analyzed in detail and we proposed 
feasible solution method to decrease the internal loss to improve quality factor. First, 
the absorption loss and scattering loss of ITO layer was greatly reduced by ICP 
etching and polishing technique to obtain a 30 nm-thick ITO layer with root mean 
square (RMS) surface roughness of about 1 nm. The absorption from the ITO layer 
was further reduced by inserting Ta2O5 layer between the ITO layer and the top DBR, 
which would put the ITO layer at the node position of the electric field. The high 
Q-value of the fabricated device reached 1720. Further, on the basis of the above 
process，a chemical-mechanical polishing (CMP) technique was employed to polish 
the GaN surface after the removal of sapphire substrate, the RMS roughness was 
reduced from 6 nm to 0.6 nm, and an even higher Q-value of 2170 was obtained. This 
improvement was attributed to the reduced absorption loss and scattering loss by the 
exclusion of the defect-rich buffer layer and the achievement of a smooth surface with 
RMS below 1 nm. 
4) Investigations on the effect of the active region in improving the quality factor 
of GaN-based microcavity light-emitting devices. First, by comparing the 
electroluminescence from the conventional quantum wells and coupled quantum wells, 
it was found that the carrier distribution was more uniform in coupled quantum wells. 
Then the thickness of the epitaxial layer was designed to place the quantum well 
region at the antinode and ITO layer at the node position of electric field in order to 
improve the coupling efficiency between quantum wells and electric field and reduce 
the absorption of ITO layer. The uniformly distributed carrier in coupled quantum 
wells can make the absorption in each quantum well more homogeneous, which leads 
to a high-Q value of 3550. And with increase of current density, the line width of the 
devices with coupled quantum wells increases much slowly than that in conventional 















devices were further improved by incorporating coupled quantum wells. As a result, 
GaN-based RCLEDs with high quality factor was realized. For VCSELs, however, 
growing conditions of quantum well should be optimized to get higher material gain 
to balance the internal loss of the device. 
 
Key words:  GaN-based microcavity light-emitting devices, Qality factor (Q-value), 
two-step substrate transfer technique, Chemical-mechanical polishing (CMP), 
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GaN 基合金材料的禁带宽度覆盖了从深紫外到近红外的光谱范围，如图 1-1 所
示。因此，仅采用 GaN 基材料制作出的发光器件就可实现三基色显示。 
 
 
图 1-1 GaN 基材料的带隙与对应的晶格常数图 
 
氮化物材料的研究开始于 20 世纪 60 年代末，但发展一直较为缓慢，直到
1989 由 Akasaki 等人通过低能电子束辐射技术（LEEBI）实现了 p 型 GaN 的掺
杂[1]，继而在1991年由Nakamura等人通过低温缓冲层技术得到高质量的GaN [2]，















Nakamura 等人在 1991 年实现[3]。1995 年他们又实现了第一个室温脉冲激射的
GaN 基边发射激光器[4]，随后他们又实现了 GaN 基边发射激光器的室温连续激射




光被聚集在垂直腔面发射激光器（VCSELs）上。VCSELs 的概念是在 1977 年由
东京工业大学的 Iga 教授为首的研究小组提出的，不过 VCSELs 开始并没有受到




是在 77K 的低温脉冲条件下实现的。而又经过五年的研究，直到 1984 年，他们
第一次在室温下实现了 GaAs/AlGaAs 材料 VCSELs 的脉冲激射[9]，不过其阈值电
流高达 510 mA，这与边发射激光器相比，并没有体现出明显的优势。而真正使
得 VCSELs 的潜力引起大家的关注是到了 1989 年，他们实现了 GaAs/AlGaAs 材
料 VCSELs 的室温连续激射，并对此实验结果进行了详细地报导。此器件的阈值
电流仅为 30 mA，激射波长为 894 nm，而 大的微分量子效率也达到 10%[10]。
此后，由于 VCSELs 优异的性能及其巨大的商业价值，吸引了众多科研机构和公
司加入到 VCSELs 的研制工作中，其中包括日本的东京工业大学、NEC 公司、NTT 
光电实验室等，美国的 Bell 研究室、California 大学、Texas 大学、Cornell
大学、惠普公司、Honeywell、Sandia 国家实验室等，德国的 Ulm 大学以及英
国、韩国等一些研究机构。目前，850 nm 波段 VCSELs 的相关技术已经非常成
熟，正进入大规模实用化阶段，主要应用领域为短距离光通信、光互联中以及
光纤局域网；980nm 波段 VCSELs 器件也已实现商业化，在高速光传输和半导
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